Tensile creep is an important parameter to evaluate cracking probability of high-strength concrete (HSC) structure, and the mineral admixtures have great effect on it. In this paper, the early-age tensile basic creep behaviors of HSC containing fly ash (FA) and blast furnace slag (BS) were investigated by experiments, and the influences of loading age and stress level (stress-strength ratio of initial loading) were evaluated. e results showed that FA promoted the early-age tensile basic creep while BS inhibited the early-age tensile creep. Moreover, the influence of loading age on early-age tensile basic creep of HSC was more significant, and the affected ages' duration was longer than that of plain concrete. e early-age tensile basic creep of HSC containing admixtures also showed linear creep characteristic after a certain age as HSC without admixtures, and the linear characteristic was more obvious at a later loading age. e tensile basic creep velocity of HSC containing FA was the highest, while HSC containing BS exhibited the lowest velocity. e influence of admixtures on velocities of tensile basic creep was gradually attenuated with the age growth in holding period.
Introduction
Creep plays an important role on the cracking resistance of concrete because it can relieve the stress and help to reduce the cracking potential of the concrete structure at the early age [1, 2] . erefore, concrete creep, especially tensile creep, is an important parameter to evaluate cracking probability of the concrete structure [3] [4] [5] [6] [7] , and it is also one of the key characteristics that determine the internal stress development of constrained structures [8] . In the past few decades, related studies mainly focused on the compression creep behavior of mature concrete [9, 10] . In recent years, more attention was paid to cracking behavior of high-strength concrete (HSC) at the early age; hence, the studies on the early-age creep of HSC have also been conducted [11] [12] [13] [14] . In modern concrete, the admixtures were widely used to improve the concrete performance.
e mineral admixtures had been widely used to ameliorate early cracking sensitivity of HSC [15] [16] [17] . Several researchers [17] [18] [19] [20] [21] [22] [23] investigated the tensile creep properties of HSC containing admixtures at the early age, but the research progress could not keep up with the pace of engineering applications. With the practical demand, it is urgent to reveal the tensile creep behaviors of HSC, especially the early-age tensile basic creep, so as to provide the basis for the stress analysis, cracking control, and engineering application of HSC at the early age.
Creep in concrete can be divided into two categories: basic creep and drying creep [12] . e tensile basic creep (following referred as tensile creep) is defined as creep without moisture exchange between concrete and the environment [1, [24] [25] [26] . Figure 1 shows a schematic relation between basic creep, drying creep, and drying shrinkage.
e drying creep of sealed concrete could be ignored because the moisture has not exchanged with outside. So, the total strain ε total of concrete under sustained loads is represented in Figure 2 [1, 2, 25, 26] and in the following equation:
e instantaneous elastic strain ε elastic caused by the exerted tensile load can be measured in experiments; the temperature strain ε T induced by temperature variation resulted from the hydration heated release, and the autogenous shrinkage ε as of the specimen can be measured by autogenous deformation experiments. So, the basic creep strain ε tensile creep can be calculated with the following equation:
According to Figure 2 , the basic creep strain ε tensile creep can be calculated with the following equation:
ese three parameters in equation (3), i.e., ε B ( ε total ), ε A ( ε as + ε T ), and ε elastic , can be measured in experiments.
In addition, the creep compliance function J(t, t 0 ) at age t 0 can be expressed with the following equation:
where C(t, t 0 ) denotes the speci c creep, ε elastic (t 0 ) is the instantaneous elastic strain, E c (t 0 ) is the elastic modulus of the specimen at age t 0 , and σ is the stress of the specimen under constant tensile load [1] . e early-age tensile creep of HSC is very hard to test. In order to test concrete tensile creep at early ages, temperatures of internal concrete at ages, imposed load, and autogenous shrinkage, a kind of test equipment was designed by Yang et al. [3, [27] [28] [29] [30] . We had studied the tensile creep of concrete without admixture by using this device. is test equipment and method were also improved step by step in the test, and many research results were achieved [3, [27] [28] [29] [30] .
ese studies indicated that the device could successfully measure the early-age tensile creep of concrete. Based on this observation, the research objective of this paper is to study the early-age tensile creep behaviors of HSC containing mineral admixtures by using this device. e in uence of loading age, stress level, and mineral admixtures on earlyage tensile basic creep of HSC was tested and discussed. Tables 1 and 2 show the chemical composition and physical properties of cement and mineral admixtures.
Experimental Programs

Aggregate and Water Reducer.
e crushed stone was used as the coarse aggregate, whose particle size was in the range of 5-31.5 mm in order to meet requirements of pump concrete in accordance with Chinese Standard JGJ/T 10-2011 (Technical Speci cation for Construction of Concrete Pumping). e apparent density of the crushed stone was 2700 kg/m 3 . e neness modulus of machine-made sand that used as ne aggregate was 2.40, and its apparent density was 2630 kg/m 3 . Polycarboxylate superplasticizer (SP) provided by Zhejiang Huawei Building Materials Group Co. Ltd was used as the high-e ciency water reducing agent in this study.
Mix Proportion of Concrete.
e mix proportion of HSC (strength grade of C50) in this paper is shown in Table 3 . e slump ow of concrete mixture was controlled at 530 + 30 mm, which was in accordance with Chinese Standard JGJ/T 10-2011 (Technical Speci cation for Construction of Concrete Pumping). (Figure 3 ) and the autogenous shrinkage test without load (Figure 4 ). e size of tensile creep specimens and autogenous deformation specimens was 100 mm × 100 mm × 400 mm. e temperature of the concrete molds was controlled at 20 ± 1°C. When the concrete was placed into the mold, the specimens must be immediately covered with the plastic lm to avoid moisture exchange with the outside and be placed in the laboratory with the environmental temperature of 20 ± 1°C. ermocouples were embedded in the concrete specimens to monitor the e tensile creep specimens were demolded at the age of about 12 h and immediately sealed with plastic lm and aluminum foil. Before the rst 1 h of loading, a thin fast hard adhesive was coated on the central area of two sides of the specimen. After the adhesive being hardened, and polished, two 90 mmlength strain gauges were attached to measure the total strain of the tensile creep specimen during the test.
Tensile Creep
Experimental Parameters.
e loading age (1 d, 2 d, 3 d, 5 d, and 7 d), the level of stress (the ratio of initial loading stress/strength was 0.2, 0.3, and 0.4), and the admixtures type (with 30% y ash, 50% blast furnace slag, and 20% y ash + 25% blast furnace slag) were taken as the experimental parameters.
Tensile Creep Measurement Experiment.
e tensile creep tests were performed using the test device developed by Yang et al. [23, [28] [29] [30] [31] [32] .
e test device is shown in Figure 3 .
e device can realize axial and stable tensile loading and continuously measurement on stress, strain, and temperature during the test. All the data were automatically collected and recorded by the data acquisition instrument.
e test data were recorded every 2 hours before the age of 7 d and every 6 hours after 7 d. In order to improve the precision and consistency of the tensile loading, two load sensors were set: one was seated outside of the energy storage 
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spring and the other was seated on the loading side (Figure 3 ). e load difference between two load sensors was within ±0.01 kN. e strain of the tensile specimen was measured by electrical resistance strain gauge (whose accuracy is 1 με).
e autogenous shrinkage test method without load (Figure 4 ) was performed with the same method that was presented in Gu et al. [23] and Ni et al. [32] . e autogenous shrinkage deformation was measured by a high-precision displacement sensor (whose accuracy is 0.001 mm). e experimental results of mechanical property related to tensile creep are shown in Table 4 .
Results and Discussion
Influence of Loading Age and Admixtures on Tensile
Creep. Several literatures [3, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] had shown that loading age had a very prominent impact on the early-age creep of concrete. Some research [29, 30] results showed that the tensile creep of high-strength concrete containing admixtures was also strongly influenced by the loading age. Figures 5 and 6 show the tensile specific creep of HSC containing FA and BS at different loading ages, i.e., 1, 2, 3, 5, and 7 d, under three different stress/strength ratios. It can be seen from the figures that the HSC containing FA or BS was characterized that they had greater creep capacity at the earlier loading age. Under three different stress/strength ratios, the influence of loading age on creep was decreased at 3 d age and later ages. Figure 7 shows the tensile specific creep of HSC with trinary binder (cement, FA, and BS) depending on ages. e results showed that the influence of loading age on tensile creep of HSC containing trinary binder admixtures was similar to that containing FA or BS. Moreover, the effect of trinary binder admixtures on tensile specific creep gradually decreases with loading at later ages. However, the affected duration of trinary binder HSC tensile specific creep by loading age was longer compared with that containing single FA or BS, and there were differences between the creep curves after 3d ages.
e effects of loading age on tensile creep of HSC without admixture at loading ages of 3 d and after 3 d were minimal, and the influence of loading age was only reflected in the very early age, viz. before 3 d age [1, 3] . But this was not the case for HSC containing admixtures. is difference was due to that the hydration degree of HSC containing admixtures was relatively lower at the early age, the moving gel water was more, and the elastic modulus was lower. ese phenomena would be conducive to the development of the creep, and the creep deformation was larger at the early ages. As the concrete age goes on, the hydration reaction continues to proceed, and the concrete microstructure tends to be dense and the internal removable gel water of concrete was reduced, so the capacity of tensile creep growth could also be decreased. Hence, the influence of loading age on tensile creep would be less significant at later ages. Obviously, the influences of the type, the quantity of admixtures, and their combinations on hydration reaction of cementing materials were di erent, so the di erences in the in uences of loading ages on tensile creep of HSC containing di erent admixtures were exhibited. By comparing the results of Figures 5-7 , the results were also showed that the tensile creep value of the FA group was highest under di erent stress/strength ratios. Correspondingly, the BS group exhibited the lowest tensile creep. is di erence was more signi cant at the loading age of 1 d. It is shown in the table that FA has a larger average grain size than that of BS and cement, and its' activity and speci c surface area are relatively low. erefore, HSC containing FA showed lower strength at the same age. However, y ash could restrain early autogenous shrinkage by changing the parameter of binder, such as hydrated velocity, creep coe cient, elastic modulus, and so on [34] , and HSC with FA was exhibited to bene t the development of tensile creep. With the delay of loading age, the trend was obvious that the tensile creep value di erences between the three groups were decreasing. So, the HSC containing admixture of FA can improve cracking resistance at early ages. Also, it can be explained that the larger tensile creep was more conducive to relieving the tensile stress.
Linear Feature of the Tensile Creep.
By researching the e ect of di erent loading ages on compression creep of mature concrete, Davis et al. [35] and Glanville [36] Advances in Civil Engineeringdiscovered a linear relationship between creep and stress when the stress/strength ratio was less than 0.4, and the creep curve was independent of loading age; i.e., concrete speci c creep curves should coincide at the arbitrary loading age. Neville et al. [1] called it as the "Davis-Glanvile" rule. Atrushi [4] found that the tensile creep of concrete also had a linear characteristic when the stress level was below 0. Figure 8 . In theory, while the relative speci c creep equals to 1, viz. the tensile speci c creep values were equal under di erent stress/strength ratios, concrete tensile creep exhibited a linear characteristic at that time. Considering the in uence of experimental conditions and measurement scatters, the value range of relative speci c creep of 1 ± 0.1 was considered in the scope of the linear creep. Figure 8 shows that the tensile creep of HSC containing admixtures at early age does not all accord with the "Davis-Glanvile" linear rule at all the loading ages. then the trinary binder group, and the FA group was the latest. Similar to HSC without admixture [3, 37] , the tensile creep of HSC containing admixtures at early age also showed linear creep characteristics after a certain loading age. But the duration of nonlinear creep characteristic was longer when admixtures were presented, and the linear feature would be exhibited more obviously while the loading age was later.
Tensile Creep Rate.
In order to investigate the development of early-age tensile creep, load duration of the tensile creep was divided into three age periods: initial holding loading stage (initial holding loading to 3d, i.e., 0-3d), Advances in Civil Engineeringmiddle holding loading stage (3 d-7 d), and late holding loading stage (7 d to unloaded). e tensile creep velocities of these three stages were calculated in order to study the in uence of admixtures on tensile creep development speed at early ages. Figure 9 (a) shows that the tensile creep velocity values of all mixtures were larger while loading age was earlier at 3 d loading age or before, and the tensile creep velocities became stable after 3 d loading age. at was to say, the e ects of admixtures on tensile creep velocities were more signi cant while the loading age was earlier. e data of Figure 9 also showed that the tensile creep velocity of the FA group was largest, and the trinary binder group followed, and that of the BS group was smallest. e e ects of admixtures on the tensile creep velocities were gradual attenuation as delay load duration. e creep development was similar to that of HSC without admixture at the early age [25, 26] , and the tensile creep velocities also have a law of exponential decay.
Conclusions
e following conclusions can be obtained based on this study: (i) e loading age signi cantly in uences the tensile creep of HSC containing mixtures at the early age. e values of creep were higher while the loading age was earlier, and its in uence on the tensile creep gradually decreased with the loading age getting Advances in Civil Engineering later. e a ected ages' duration was longer than that of concrete without mixture. (ii) e tensile creep of HSC containing mineral admixtures follows FA group > trinary binder group > BS group. e di erence was more pronounced when the loading age was earlier, and this di erence was largely reduced when the loading age getting later. (iii) e early-age tensile creep of HSC with admixtures showed a linear creep characteristic after a certain concrete age similar to that of without admixture, but this age was delayed. e BS group was roughly 2 d, while the FA and trinary binder group were 5 d age. e linear characteristics would be more signi cant while the loading age was late. (iv) e tensile creep velocity of the FA group was larger than the other two groups, and followed by the trinary binder group, and that of the BS group was the smallest. e e ect of admixture on the tensile creep velocity was gradually attenuated with the age growth in the holding period.
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